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Onset of Vortex Breakdown Above a Pitching Delta Wing

Miguel R. Visbal*
Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433

Computational results are presented for transient vortex breakdown above a delta wing subject to a pitch-and-
hold maneuver to high angle of attack. The flows are simulated by solving the full three-dimensional Navier-
Stokes equations on a moving grid using the implicit Beam-Warming algorithm. An assessment of the effects of
numerical resolution and favorable comparison with experimental data suggest the computational approach
captures the basic dynamics of the onset and initial stages of transient breakdown. The pressure gradient along
the vortex axis is found to play a dominant role in the initiation of breakdown. A description of the
three-dimensional instantaneous structure of the flowfield is provided for the first time using critical-point
theory. The reversed-flow region in the vortex core is associated with pairs of opposite spiral/saddle critical
points. At its onset, the vortex breakdown is fairly axisymmetric; however, as it proceeds upstream and a
stronger jump takes place along the axis, asymmetric effects become important and culminate in the formation
of a bubble-type breakdown. This bubble structure is open and contains within itself a pair of stagnation points
that are diametrically opposed and that rotate in the same sense as the upstream swirling flow. These critical
points suggest the existence of azimuthal disturbances in the breakdown region. The bubble sectional topology

is also found in agreement with recent experimental measurements.

Nomenclature
C = wing chord
Cy, = pitching moment coefficient about midchord
C, = pressure coefficient, 2(p — p)/pU2
St, 8- = attracting and repelling three-dimensional
spiral/saddle critical points
t = time
tt = nondimensional time, tU,/C
U’ = axial velocity component
U, = freestream velocity
u, v, w = velocity components in wing frame of reference
X = chordwise location of vortex breakdown
X, Y, Z = Cartesian coordinate system attached to the

wing

X', Y', Z' = coordinate system attached to wing apex and
aligned with vortex axis

a = angle of attack

Q = pitch rate, rad/s

Qt = nondimensional pitch rate, QC/U,,

Introduction

TUDY of the unsteady aerodynamics of delta wings at

high angle of attack is motivated by current interest in
enhanced aircraft maneuverability. Ashley et al.! have recently
reviewed experimental work on delta wings pitching to high
incidence. This work shows that, during transient high-angle-
of-attack maneuvers, a lag in the onset of the leading-edge
vortex breakdown occurs®* as compared with a stationary
wing. This lag is also accompanied by overshoots in the wing
aerodynamic loads.?* The initiation and unsteady behavior of
vortex breakdown represents therefore one of the central is-
sues in high-angle-of-attack aerodynamics. From a more gen-
eral perspective, vortex breakdown is also observed in swirling
flow devices, combustion chambers, trailing vortices, and tor-
nadoes. Excellent reviews of experimental and theoretical
work on vortex breakdown are given by Hall,’ Leibovich,”3
and Escudier.’
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The structure of vortex breakdown has been traditionally
studied!%-!2 using standard flow visualization techniques. Al-
though of great value, these visualizations do not provide a
precise definition of the complex three-dimensional unsteady
structure of the flow. For instance, a clear distinction between
the spiral and bubble forms of breakdown, based on the actual
topology of the velocity or vorticity field, is not currently
available. To overcome these limitations, recent experimental
studies'>-!8 have concentrated on detailed measurements of the
velocity field. In addition, a few computational studies of
three-dimensional vortex breakdown have been conducted
(see, for instance, Refs. 19-21).

The present numerical study seeks to describe the unsteady
flow structure above a pitching delta wing during the onset
and initial stages of transient vortex breakdown. To achieve
this goal, calculations are performed for a 75-deg sweep delta
wing that is pitched at a constant rate to a high angle of attack.
Conditions corresponding to the low-Reynolds-number exper-
iments of Refs. 13 and 16 are selected for the purpose of
comparison. The selection of a low Reynolds number (9.2 x 10°
based on the wing chord) eliminates the uncertainties associ-
ated with turbulence modeling and diminishes grid resolution
requirements. Nonetheless, as the results will show, this Rey-
nolds number is high enough for nonaxisymmetric and un-
steady features to be present, which are inherent to any realis-
tic vortex breakdown flow. Furthermore, since the wing is
pitched at a high rate, a well-defined axial pressure gradient is
imposed on the leading-edge vortex. This dominant pressure
gradient effect, which arises naturally from the external flow,
makes the present configuration more attractive than that of
an isolated vortex,?%?! where breakdown is controlled by the
specified (and somewhat artificial) boundary conditions.

The flows are simulated by solving the unsteady three-di-
mensional compressible Navier-Stokes equations on a moving
grid using a time-accurate implicit solver that has been previ-
ously validated. In this study, only one half of the delta wing
is considered, and the flow is assumed to be fully symmetric
about the wing centerline. This is done to provide better
numerical resolution of the breakdown region. The validity of
this assumption may be judged a posteriori by the good com-
parison with the experiments. An assessment of the effects of
grid resolution on the computed results is presented. Compari-
sons with experiments!?1¢ are provided in terms of the instan-
taneous vortex breakdown location and flow structure. A
characterization of the three-dimensional instantaneous struc-
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ture of the breakdown region is given for the first time using
concepts from critical-point theory.?> These computational
results are also helpful in the interpretation of experimental
velocity measurements usually obtained in selected planes
through the flow.

Methodology
Governing Equations and Numerical Procedure

The governing equations are the full unsteady, three-dimen-
sional compressible Navier-Stokes equations written in strong
conservation law form.? Closure of this system of equations is
provided by the perfect gas law, Sutherland’s viscosity for-
mula, and the assumption of a constant Prandtl number
(Pr = 0.72). To deal with the case of external flow past a body
in general motion, a time-dependent coordinate transforma-
tion is incorporated.

The governing equations are numerically solved employing
the implicit approximate-factorization Beam-Warming al-
gorithm.?* The scheme is formulated using Euler implicit time-
differencing and second-order finite difference approxima-
tions for all spatial derivatives. Fourth-order explicit and
second-order implicit damping terms are added to control
spurious numerical oscillations.?> Newton subiterations6-?7
are also incorporated to reduce linearization and factorization
errors, thereby improving the temporal accuracy and stability
properties of the algorithm. A fully vectorized, time-accurate,
three-dimensional Navier-Stokes solver has been developed
using this scheme. The code has been validated for a variety of
both steady and unsteady flows, including dynamic stall of a
pitching airfoil, Taylor-vortex flow,?® delta wings,?*?° junc-
ture flows,?? and flow past a pitching forebody.>!

Grid Structure and Boundary Conditions

The computational grid for the flat-plate delta wing is of
the H-H type?” and is obtained using simple algebraic tech-
niques. Three different grids of sizes 98 x 115 x 102 (grid 1),
141 x 115 x 118 (grid 2), and 167 x 115 x 118 (grid 3) in the &,
1, and { directions, respectively, have been employed to assess
resolution effects. The £, 5, and { directions correspond to the
streamwise, spanwise, and normal directions relative to the
delta wing. For the finer grid, the minimum spacing normal to
the wing is AZ/C = 0.0001, the spacing along the wing lead-
ing edge varies from AY/C =5x% 10~5 at the apex to 5x 10~%
at the trailing edge, and the streamwise spacing on the wing is
AX/C =0.005. It should be noted that the streamwise spac-
ing was varied by a factor of 4 in the breakdown region to
assess grid resolution effects. The far-field boundaries for all
grids are located two chord lengths away from the delta wing.
The effect of far-field boundary placement was investigated®?
for an 80-deg sweep delta wing at a 30-deg angle of attack and
was found to be insignificant when the distance from the far-
field boundary to the wing was increased from 1.5 to 3.0 chord
lengths. The boundary conditions are implemented as de-
scribed in Ref. 27. At the lower, upper, sidé, and upstream
boundaries, characteristic conditions? are specified. On the
downstream boundary, flow variables are extrapolated from
the interior. Symmetry conditions are imposed along the mid-
plane of the wing. On the wing surface, the following condi-
tions are applied:
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where U, and a, denote, respectively, the surface velocity and
acceleration of the pitching wing given by the prescribed mo-
tion. For the present computations, a pitch-and-hold maneu-
ver is considered in which the wing accelerates from rest to a

constant pitch rate and then decelerates as it reaches its final
angle of attack.

Critical-Point Theory

As noted earlier, one of the objectives of the present study
is the description of the unsteady structure of vortex break-
down above the wing. For this purpose, the instantaneous
velocity field within the leading-edge vortex is examined. The
interpretation of instantaneous two-dimensional and three-
dimensional streamline patterns is aided considerably by the
use of critical-point theory or phase-space analysis.?>3-37 At
critical (or singular) points of the flow, the velocity is zero,
and the streamline slope is indeterminate. Critical points are
broadly divided into no-slip and free-slip critical points de-
pending upon whether they are located on a no-slip boundary
or within the fluid, respectively. For the present study, only
the latter type will be considered in describing the vortex
breakdown structure above the wing.

The classification of critical points and the elementary flow
patterns in their vicinity are obtained by a linearized Taylor-
series expansion of the velocity about the critical point.?%3¢ A
description of two-dimensional critical points can be found in
Refs. 34 and 36. The general classification of three-dimen-
sional critical points is given by Chong et al.?> The concept of
three-dimensional critical points has been used?®*-3¢ in the anal-
ysis of flows predominantly when the critical points are lo-
cated on no-slip surfaces or on symmetry planes and are
therefore easily identifiable. In complex flows such as asym-
metric vortex breakdown, free-slip critical points cannot be so
easily located, and, in fact, a systematic topological descrip-
tion of this flow is not known to the author. In the present
study, the only types of three-dimensional free-slip critical
points encountered in the description of vortex breakdown are
spiral/saddles (see Ref. 22). The topological analysis of the
computed flowfields is accomplished using PLOT3D and
FAST visualization software.38

Results

Calculations were performed for a 75-deg sweep delta wing
at a freestream Mach number of 0.2 and a chord Reynolds
number of 9.2 x 10°. The wing was pitched at a nominal
constant nondimensional pitch rate @+ = QC/U,, = 0.3, from
an initial angle of attack «; = 25 deg to a final angle o = 50
deg (see Fig. 1). The pitch axis was located at the wing trailing
edge. The previous conditions were selected to allow compari-
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Fig.1 Effect of numerical resolution on computed pitching moment
coefficient.
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son with the experiments of Magness, Robinson, and Rock-
well’3 and Lin and Rockwell.!®

Numerical Resolution Effects

Before proceeding to the discussion of the physical aspects
of the flow, results from a limited assessment of the effects of
numerical resolution on the computed solution are pre-
sented. The sensitivity of the computed flowfield to spatial
resolution was investigated by employing the three grids previ-
ously described. The temporal accuracy was checked by com-
puting the flow on one of the grids using two different time
steps (At ™ = 0.001 and 0.0005).

The effects of spatial and temporal resolution on the pitch-
ing moment coefficient history are shown in Fig. 1. This figure
shows that reducing Ar* by a factor of 2 has essentially no
effect on the computed C,,. The pitching moment coefficient
histories obtained on the three grids are also in excellent
agreement for # * <2.6, up to which time the discussion of the
computed results will be limited. It should be noted that the
pitching moment, on all grids, at o = 25 deg is — 0.081, which
compares well with the experimental value —0.078 reported
by Hummel® for a 76-deg sweep delta wing. The effects of
numerical resolution on the lift and drag coefficient histories
(not included) were found to be even smaller than those for C,,,.

The influence of grid resolution and time step on the instan-
taneous vortex burst location (as determined from the stagna-
tion point along the vortex axis) is shown in Fig. 2. (For
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Fig. 2 Computed and experimental vortex breakdown location.
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Fig. 3 Effect of grid resolution on axial velocity in a vertical plane
through vortex core at £+ = 2.3 (contours of U’/U from —3.0 to
3.0 with 0.2 increments): a) grid 2 and b) grid 3.
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Fig. 4 Axial velocity contours and velocity vectors on plane through
vortex core at ¢+ = 1.8, 2,06, 2.26, 2.3, 2.34, and 2.4.

convenience, the vortex axis is defined as a ray emanating
from the wing apex and passing through the point of mini-
mum total pressure on a crossflow plane ahead of vortex
breakdown.) Here again, all computations agree reasonably
well with each other. Finally, a comparison of the solutions on
the two finest grids at ¢+ = 2.3 is provided in Fig. 3 in terms
of the axial velocity on a plane normal to the wing and passing
through the center of the vortex. The location and extent of
the computed reversed-flow regions are seen to be in good
agreement. The discrepancy between the two solutions in max-
imum axial reverse velocity magnitude along the vortex core
was 4.5%. Although a more systematic numerical resolution
study was found to be computationally prohibitive, the previ-
ous limited assessment suggests the results are of sufficient
quality to merit further analysis. This view is reinforced fur-
ther by the favorable comparison with experimental measure-
ments that is presented later.

Evelution of Transient Breakdown

In this section, a description of the initiation and evolution
of the breakdown region in the primary leading-edge vortex is
provided. In addition to breakdown of the primary vortex,
“‘bursting’’ or reverse flow in the secondary vortex is also
observed. In fact, examination of the computed solution at
t* = 0.0 (o = 25 deg) revealed that breakdown of the second-
ary vortex occurs before the start of the pitching motion. This
early breakdown of the secondary vortex, as compared with
the main vortex, is consistent with the experimental observa-
tions of Lambourne and Bryer.!° The secondary vortex burst-
ing exerts little influence on the primary flow structure, and
therefore details of these secondary features are omitted.

Although the present flow is highly three dimensional, an
overall description of the transient breakdown can be obtained
from examination of the flow on a longitudinal plane normal
to the wing and passing through the center of the vortex core.
The angle between this plane and the wing symmetry plane is
approximately 10.3 deg. Contours of constant axial velocity
and selected velocity vector profiles on this plane, as well as
the velocity and pressure along the vortex axis, are given at
various instants in Figs. 4-6.

The computed instantaneous position of vortex breakdown,
determined from the stagnation point along the vortex axis, is
compared in Fig. 2 with results from two separate experimen-
tal runs by Lin and Rockwell.!6 The computed and experimen-
tal vortex breakdown histories are found to be in good overall
agreement. As the burst point moves closer to the apex (say
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Fig. 5 Evolution of axial velocity component along vortex axis dur-
ing transient breakdown.

t* >2.5), effects of asymmetries in the experiment,'® present
for this high wing sweep, preclude a direct comparison with
the fully symmetric calculation. In both the computation and
experiment, it is observed that vortex breakdown occurs over
the wing only after cessation of the pitching motion (« = 50
deg). This shows a significant lag in relation to the stationary
case for which breakdown appears'? near the trailing edge at
o = 31 deg.

Although a precise explanation of the delay and initial
location of vortex bursting is not obvious in this highly transi-
ent maneuver, several effects are known to play an important
role in this process. For instance, at this high pitch rate and
with the pitch axis at the wing trailing edge, the motion in-
duces an apparent longitudinal camber effect.* The effective
angle of attack at the apex is significantly reduced and in-
creases along the leading edge in the downstream direction
(positive camber). The effective local incidences at the apex
and trailing edge differ by approximately 17 deg. The elimina-
tion of vortex bursting over a stationary cambered delta wing
has been clearly shown by Lambourne and Bryer.!? A signifi-
cant weakening of the leading-edge vortex occurs as a result of
the reduction in effective angle of attack. This can be observed
by examining the pressure along the vortex axis (Fig. 6). At
t* = 1.5, despite the high angle of attack of 48 deg, relatively
low levels of suction exist in the vortex core near the apex due
to the wing pitching motion. In fact, the flow along the vortex
core experiences a favorable pressure gradient up to mid-
chord. Shortly afterwards (¢ * = 1.7) as the motion ends, and
the effective angle of attack increases, high suction levels
develop in the vortex core, and an adverse axial pressure

gradient appears that promotes breakdown. This severe ad-
verse pressure gradient, imposed abruptly after the end of the
pitch maneuver, plays a dominant role in the onset of break-
down. This important pressure gradient effect was also shown
experimentally by Sarpkaya*! for vortex breakdown in a tube.

The pressure gradient along the vortex core becomes more
pronounced as breakdown propagates upstream (Fig. 6). As
discussed by Hall,® the pressure gradient along the axis of a
swirling flow is much higher than that prevailing external to
the core. This is apparent in Fig. 6, by comparing the pressure
along the axis with the corresponding distribution on the
wing surface underneath the vortex, at ¢ ¥ = 2.14. It was also
noted in the calculations that the surface pressure does not
display significant oscillations under the transient breakdown
until approximately ¢ ¥ = 2.26, when breakdown is already at
X/C = 0.45. This may have implications on the early detec-
tion of breakdown using surface pressure information.

Another effect of importance in transient breakdown is the
convective time lags along the vortex core.!%* Subsequent to
the cessation of the pitching motion, the axial core velocity
near the apex increases (Fig. 5a) as the vortex adjusts to the
new higher effective incidence. This adjustment of the vortex
propagates downstream with a speed on the order of the free-
stream velocity. As a result, a transient increase in the adverse
axial pressure gradient occurs between the regions of higher
and lower axial velocities in the core. This effect can be seen
between the points denoted as 4 and B in Fig. 6, at 7+ =1.8.

In the highly transient initial stages of breakdown, follow-
ing deceleration of the wing, two distinct processes take place
along the vortex core. Near the apex, the leading-edge vortex
adjusts to a higher effective angle of attack, and this ‘“‘expan-
sion’’ (i.e., a region of higher axial velocity and lower pres-
sure) propagates downstream. Simultaneously, stagnation of
the axial flow occurs near the trailing edge, and the stagnation
region propagates upstream. The axial velocity at t* = 1.8
(Fig. 5a) clearly shows these effects. From point 4 to B, a
rapid reduction in U’ exists associated with the lag in the
adjustment of the leading-edge vortex. From point Cto D, a
high deceleration occurs due to the approaching breakdown
region. A plateau in the curve exists between these two regions
(point B to C). The extent of this plateau diminishes as the
vortex breakdown (moving upstream) and the vortex expan-
sion (moving downstream) collide, roughly at X/C = 0.5 and
tt=2.1.

The overall growth and propagation of the breakdown re-
gion is shown in Fig. 4. Also discernable in Figs. 4a-4c is the
increase, near the apex, of the axial velocity in the vortex core.
At t* = 1.8 (Fig. 4a), a limited region of axial flow reversal
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Fig. 6 Evolution of pressure along vortex axis during transient

breakdown.
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appears ahead of the wing trailing edge and can be observed to
extend rapidly in both the upstream and downstream direc-
tions. Details of the vortex breakdown downstream of the
wing are not considered due to the diminishing grid resolution
in this region. As breakdown penetrates upstream (Figs. 4b
and 4c), the reversed-flow region grows in radial extent, and
its nose becomes blunter due to the increase in radial flow
divergence associated with the steepening axial velocity gradi-
ent (Fig. Sa). The change in the character of the velocity
profiles from a jet type, upstream of breakdown, to a wake
type, downstream of breakdown, is also apparent in Fig. 4.
During this transient breakdown, very high reversed-flow ve-
locity magnitudes are obtained. At ¢* = 2.3 (Fig. 5b), this
magnitude exceeds twice the freestream velocity, and conse-
quently, a strong shear layer of azimuthal vorticity surrounds
the breakdown region.

In the early stages of the process, the breakdown region
appears fairly axisymmetric (Figs. 4a and 4b); however, by
t* =2.26 (Fig. 4c), some undulations are apparent. These
undulations become more pronounced (Figs. 4d and 4e) and
lead eventually (Fig. 4f) to the formation of two distinct
regions of negative axial velocity. The forward region corre-
sponds to a bubble-type vortex breakdown. It should be noted
that, on a crossflow plane between these regions, the axial
velocity in the core is everywhere positive. As the breakdown
undergoes this dramatic transformation, the magnitude of the
reversed-flow velocity diminishes significantly (Fig. 5b), and
the breakdown rate of propagation also decreases (Fig. 2).

A comparison of the computed reversed-flow region with
the experimental data of Lin and Rockwell!¢ is given in Fig. 7
at two instants (¢ 7 = 1.9 and 2.4) during the unsteady break-
down process. The experimental results clearly display the
appearance of the bubble structure predicted in the computa-
tion, A comparison of computed and experimental axial veloc-
ity profiles at a station through the center of the bubble is also
shown in Fig. 8. Given the complexity of this highly unsteady
flow, the good agreement in Figs. 7 and 8 is encouraging and
indicates that the computational approach captures the basic
dynamics of the transient breakdown. The emergence of a
bubble structure, as the breakdown moves upstream and a
stronger jump takes place along the vortex axis (as evidenced,
for instance, by the shocklike jump in axial velocity, Fig. 5b),
is also consistent with other experimental observations. As
shown by Sarpkaya!! and Faler and Leibovich!? in their tube
experiments, increasing the swirl level sufficiently leads, after
initial transients, to the formation of a bubble-type break-
down at a further upstream final location.

Computation

|- E

Experiment

Fig. 7 Comparison of computed and experimental axial velocity
contours on plane through vortex core.
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Fig. 8 Comparison of computed and experimental axial velocity pro-
files through breakdown bubble.

Fig. 9 Sectional streamline patterns on vertical plane through break-
down bubble: a) experiment!6; b) computed, ¢+ = 2.4; ¢) computed,
t* =2.6; and d) experiment.18

Instantaneous Flow Structure

The instantaneous crossflow topology above a pitching
delta wing has been investigated experimentally by Magness et
al.!3 In the present computational study, the previous experi-
mental findings on the crossflow topology were confirmed and
extended, and the results are given in Ref. 42. The evolution of
the flow pattern on a longitudinal plane through the vortex
core has also been examined, but only the more interesting
pattern corresponding to the breakdown bubble of Fig. 4f is
shown in Fig. 9. The experimental (Fig. 9a) and computed
(Figs. 9b and 9c¢) patterns (obtained by the projection of the
velocity vector on a vertical plane through the center of the
bubble) have equivalent topologies of the ‘‘single-bubble”’
type. This pattern is characterized by two saddles (S, and S»),
a stable (i.e., spiraling in) focus (F*), and an unstable (i.e.,
spiraling out) focus (¥ ~) and displays no saddle-saddle con-
nections. In the calculations it was found that the three-dimen-
sional bubble (to be described later) rotates about the vortex
axis in the same sense as the swirling flow. As a result, the
sectional streamline pattern undergoes structural bifurca-
tions.?>>37 This is illustrated in Figs. 9b and 9c, where the foci
are observed to switch position relative to the wing, as the
bubble rotates. The instantaneous sectional topology seems to
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Fig. 10 Three-dimensional critical points and trajectories in vortex
breakdown region at 7+ = 1.8.

Fig. 11 Three-dimensional critical points and trajectories in vortex
breakdown region at 7+ = 2.06.

indicate that the bubble is open, thereby allowing upstream
flow to go into the bubble, as well as flow from inside the
bubble to exit downstream. The streamline pattern obtained
for the breakdown bubble above the delta wing (Figs. 9a-9¢)
is also in qualitative agreement with the recent experiments of
Brucker and Althaus!8 for vortex breakdown in a tube, shown
in Fig. 9d. Additional comparison of the computed vorticity
field within the bubble with the experimental measure-
ments'®'® is provided in Ref. 43. The computational and ex-
perimental instantaneous bubble structure of Fig. 9 seems to
be in qualitative agreement with Sarpkaya’s original descrip-
tion!! but differs from the mean axisymmetric topologies de-
scribed by Faler and Leibovich* and Escudier.® Furthermore,
the present computational results as well as the experimental
instantaneous measurements of Refs. 16 and 18 are all charac-
terized by axial reversed-flow velocity magnitudes within the
bubble on the order of the freestream velocity (see Fig. 8).
This finding contrasts with the very low mean axial velocities
inside the bubble reported by Faler and Leibovich* and Es-
cudier.® However, it should be noted that the relationship
between the instantaneous and mean structures of the break-
down bubble requires further investigation.

Although sectional streamlines can provide information on
the structure of a complex three-dimensional flow, interpreta-
tion based solely on them is incomplete when there is a compo-
nent of velocity out of the plane under consideration. It
should also be noted that the two-dimensional critical points
on a planar portrait are not necessarily associated with true
critical points of the three-dimensional vector field. To sys-
tematically describe the complex instantaneous structure of
breakdown above the wing, the three-dimensional velocity
vector field is examined, and its topology is characterized in
terms of the associated three-dimensional critical points. The
three-dimensional free-slip critical points in the breakdown

region are shown in Figs. 10-13, along with selected stream-
lines emanating from or reaching the critical points. For the
purpose of reference, the isosurface of zero axial velocity is
also included in Fig. 12.

At t* =1.8 (Fig. 10), two critical points or stagnation points
are observed at the beginning and end of the breakdown
region. Point S, is a repelling spiral/saddle or unstable focus/
compressing (see Ref. 22), whereas S;* is an attracting spiral/
saddle or stable focus/stretching. Only streamlines reaching
(red) and leaving (yellow) S;" are shown in Fig. 10a. Similarly,
trajectories approaching (green) and leaving (white) S, are
included in Fig. 10b. At its onset, the vortex breakdown
region, defined by these critical points and associated trajecto-
ries, is fairly axisymmetric. As the region of reverse flow
grows, point $;' moves downstream of the wing trailing edge
and out of the chosen domain of observation, whereas S;”
proceeds upstream. Later in time (¢+ = 2.06, Fig. 11), there-
fore, only one critical point (S;) is seen and corresponds to
the main stagnation point associated with vortex breakdown.
Within the reversed-flow region, the streamlines spiral up-
stream toward S;".

By ¢+ =2.26 (Fig. 12), an additional pair of spiral/saddle
critical points, denoted as S," (attracting) and S,  (repelling)
have emerged. At the instant of the picture, the stagnation
points (S,” and S,7) are located at approximately the same
radial distance from the vortex axis on the isosurface of zero
axial velocity and are separated by an azimuthal angle of 85

Fig. 12 Three-dimensional critical points and trajectories in vortex
breakdown region at 7+ = 2.26.

Fig. 13 Three-dimensional critical points and trajectories in vortex
breakdown region at 1+ = 2.4.
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deg. These additional critical points show that multiple stag-
nation points exist in the breakdown region. A closer look at
the way in which S;7 and S, are connected is shown in Ref.
45. Observation of the three-dimensional velocity field at var-
ious instants in time shows that the critical points (S;” and S;7)
rotate in the same sense as the swirling flow and move apart
from each other in the azimuthal direction. By ¢ * = 2.34, the
approximate azimuthal angle between S," and S, is 160 deg.
Although the reason for the appearance of these critical points
is not yet known, they suggest the existence of a growing
nonaxisymmetric disturbance. As discussed by Leibovich,? as
well as shown experimentally by Maxworthy et al.,* as
axisymmetric waves in a vortex core reach a critical amplitude,
instability of the flow to spiral disturbances occurs. The possi-
ble relationship between these rotating stagnation points and
the experimentally observed coherent oscillations in vortex
breakdown also requires further elucidation.

As previously discussed in reference to Fig. 4f, by ¢+ = 2.4,
the breakdown has evolved into two distinct regions of reverse
flow. The corresponding three-dimensional topology, given in
Fig. 13, indicates the appearance of an additional pair of
critical points (S;+ and S;7). Point S;" is an attracting spiral/
saddle associated with the closing of the bubble, whereas point
S5, similar to S|, is a repelling spiral/saddle located at the
nose of the aft breakdown region. Although only three instan-
taneous streamlines are shown for each critical point, the
complexity of the flow is quite apparent. In Fig. 13a, only the
trajectories reaching (red) and leaving (yellow) the attracting
spiral/saddles are shown. Similarly, the streamlines approach-
ing (green) and leaving (blue) the repelling critical points (S, ,
S, , and Sy7) are included in Fig. 13b. The spiraling trajectory
reaching S," (denoted as 1 in Fig. 13a) goes into the bubble
and confirms that the bubble structure is open. Similarly, the
trajectory emanating from S,  (denoted as 2 in Fig. 13b) goes
out of the bubble and spirals along the vortex axis downstream
of the bubble. It should also be noted that S, and S, are
approximately 170 deg apart in azimuth. The previous bubble
characteristics correlate with the experiments first reported by
Sarpkaya!! and later by Faler and Leibovich,!? who observed
open breakdown bubbles that are filled and emptied at dia-
metrically opposed rotating points.

The relation between the present instantaneous (streamline)
structure. of breakdown and the available experimental flow
visualizations (streaklines) is by no means clear. The complex-
ity revealed by the instantaneous velocity field indicates, how-
ever, that the interpretation of the flow structure based solely
on standard visualizations is not fully satisfactory. The gener-
ation of a streakline representation of the computed transient

Isosurface of constant /
total pressure

k)

Fig. 14 Comparison of computed and experimental breakdown bub-
bles: a) computed isosurface of constant total pressure at ¢ + = 2.4 and
b) experimentall? flow visualization of ‘‘axisymmetric’’ breakdown in
a tube.

breakdown for the purpose of comparison was found to be
computationally unfeasible. Since the core of the vortex is a
region of low total pressure, an alternative representation of
breakdown was sought using this scalar quantity. Figure 14a
shows an isosurface of constant total pressure at ¢+ =2.4.
One can clearly observe the vortex core upstream of stagna-
tion, its swelling and bubble formation, as well as a ‘““spiral
tail’’ that winds in a sense opposite to that of the upstream
swirl (indicated by the yellow streamline). The computed
structure is quite similar to the experimental flow visualization
of ‘““axisymmetric’’ breakdown in a tube obtained by Faler
and Leibovich,'? which is reproduced for convenience in Fig.
14b. This resemblance indicates that vortex bursting over a
delta wing at high angle of attack is more closely related to
vortex breakdown in a tube than previously shown.

Concluding Remarks

Computational results have been presented that describe the
initiation and evolution of transient vortex breakdown above
a delta wing subject to a pitch-and-hold maneuver. The assess-
ment of the effects of numerical resolution and the favorable
comparison with available experimental data suggest that the
computational approach captures the basic dynamics of this
transient breakdown. i

The angular delay and onset of breakdown are strongly
linked to the pressure gradient prevailing along the vortex
axis. This pressure gradient, which depends on the wing angle
of attack and pitching motion, plays a dominant role in the
initiation of vortex breakdown.

A description of the three-dimensional instantaneous struc-
ture of vortex breakdown is provided for the first time using
critical-point theory. The region ‘of reverse flow in the vortex
core is associated with the appearance of pairs of opposite
three-dimensional spiral/saddle critical points. During its
early stages, the vortex breakdown is fairly axisymmetric.
However, as it proceeds upstream, and a stronger jump takes
place along the axis, asymmetric effects become increasingly
important and lead eventually to the formation of a break-
down bubble. This bubble structure is open and contains
within itself a pair of stagnation points that are diametrically
opposed and that rotate in the same sense as the base flow. In
accord with recent experimental measurements, the computed
results indicate reversed-flow velocity magnitudes within the
bubble on the order of the freestream value.

A representation of the breakdown bubble using an isosur-
face of constant total pressure shows a great deal of resem-
blance to experimental flow visualizations of axisymmetric
vortex breakdown in a tube. Further investigation of the rela-
tion between the different representations of the breakdown
region (i.e., instantaneous flow structure, streakline visualiza-
tions, and mean-flow measurements) should be pursued.
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